In order to establish a system for marker assisted selection (MAS) to develop new rice cultivars with good eating quality, we conducted QTL analyses for physicochemical properties of rice by using a recombinant inbred (RI) population consisting of 92 lines derived from a cross between closely related japonica cultivars, Moritawase (a cutivar with low eating quality) and Koshihikari (a cultivar with good eating quality). We developed a linkage map with 119 simple sequence repeat (SSR) markers. Physicochemical properties of rice were evaluated two years by measuring protein content, amylose content and textural characteristics. QTL analysis for protein content revealed three QTLs on chromosome 2, 6 and 9. Four QTLs for amylose content were detected on chromosome 3, 7, 9 and 12. One QTL for texture characteristics were identified on chromosome 3. The DNA markers linked to these QTLs will be used for the MAS for good eating quality.
Introduction
Good eating quality is one of the main objectives of rice breeding in Japan. Koshihikari is the most commonly cultivated and palatable japonica cultivar in Japan, and is used as the major genetic source for good eating quality. The cooked rice of Koshihikari is soft and sticky, and tasty. These characters lead to the high evaluation of its eating quality. Eating quality is usually evaluated by a sensory test of cooked rice (Matsue 1993) , but requires several hundreds grams of polished rice, and much labor for polishing, cooking and evaluation. Therefore, it is difficult to use in F 4 and F 5 generation of breeding materials. Several physicochemical properties, which are related with eating quality, have been identified, such as amylose content (Inatsu 1988 , Matsue 1993 , protein content (Ishima et al. 1974 , Juliano et al. 1971 , amylographic characteristics (Inatsu 1988 , Matsue 1993 ) and textural characteristics (Endo et al. 1980) . These methods require only several grams of samples and have made possible analysis of more samples than the sensory test. So far, many researches and rice breeding programs have been carried out, focusing on amylose content, protein content, amylographic characteristics and textural characteristics.
Several studies have been carried out to reveal QTLs for the physicochemical properties and eating quality score. Tanaka et al. (1998) revealed 2 QTLs for stickiness using double-haploid (DH) lines derived from a cross between Akihikari (japonica) and Koshihikari (japonica). Li et al. (2003) identified 4 QTLs for amylose content, 3 QTLs for alkali spreading score and 5 QTLs for gel consistency using backcross inbred lines (BIL) derived from a cross of Nipponbare (japonica)/Kasalath (indica)//Nipponbare (japonica). Ogata et al. (1996) showed 2 QTLs for protein content and 1 QTL for amylose content using RI lines derived from a cross between Asominori (japonica)/IR24 (indica). DNA markers closely linked to those QTLs make it possible to develop rice cultivars with good eating quality more efficiently.
The genetic information on the eating quality of Koshihikari is still limited. For breeding japonica varieties in Japan, DNA markers that can be used for closely related lines need to be developed. In this study we used the population derived from a cross between closely related japonica cultivars, Moritawase and Koshihikari and performed QTL analyses to detect QTLs for physicochemical properties related to eating quality.
Materials and Methods

Plant materials
Ninety two recombinant inbred (RI) lines (F 5 , F 6 ) developed from a cross, Moritawase (japonica)/Koshihikari (japonica) by means of single seed-descent method were used. Moritawase is a grandmother parent of Koshihikari. Both cultivars belong to early maturing groups in Fukuoka prefecture (north latitude 33°N) in Japan and show similar grain size and shape. However, there are many differences in the eating quality of cooked rice and physicochemical properties between the two cultivars (Matsue 2000) . The cooked rice of Koshihikari is softer, more sticky and shows better eating quality than that of Moritawase. The polished and brown rice of Koshihikari showed lower protein content and lower amylose content than those of Moritawse. Among the textural characteristics, the H value and −H value of Koshihikari were higher and lower than those of Moritawase, respectively (Matsue 2000 
Evaluation of heading date and physicochemical properties
Heading date was converted to days-to-heading for the following QTL analysis. Amylose content, protein content and textural characteristics were evaluated as the physicochemical properties. Before measuring those physicochemical values, we milled the brown rice of each RI line 90.0-91.0% using a Pearlest (Kett Electric Laboratory, Tokyo, Japan) by to obtain the polished rice. Amylose content was analyzed using an Auto Analyzer (BRAN LUEBBE, Norderstedt, Germany) according to the method of Juliano (1971) . Protein content was calculated with the following method: protein of rice flour was resolved into ammonium ion with sulfuric acid, and the concentration of ammonium ion was measured with an Auto Analyzer by a modification of the indophenol reaction method (Nkonge et al. 1982) . The concentration was multiplied by 5.95 (protein factor). Textural characteristics were measured with a texturometer GTX-2 (Taketomo Electric, Tokyo, Japan) and the raw data (H, −H) were converted into hardness/adhesion ratio (H/−H) according to Endo et al. (1980) . The raw data of H and −H, and logarithmically converted number of H/−H were used for the following QTL analysis. Amylose content and protein content were measured with two replications and textural characteristics with five replications for each sample.
DNA isolation and genotyping
Rice genomic DNA was extracted from mature leaves of F 5 plants each RI line by the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson 1980) . PCR amplification was performed using 40 ng of DNA, 0.4 µM of each primer, 100 µM of each dNTP, 10 mM of TrisHCl (pH 8.3), 50 mM of KCl, 1.5 mM of MgCl 2 and 0.5 unit of Taq DNA polymerase (TaKaRa, Kyoto, Japan) in 20 µl of reaction mixture. Amplification profile was as follows: 1 cycle of 5 min at 94°C, 35 cycles of 1 min at 94°C, 1 min at 50°C and 2 min at 72°C, and 5 min at 72°C for final extension. PCR was done in a PC-808 thermal cycler (ASTEC, Fukuoka, Japan). Amplified products were electrophoresed on 3.0% agarose gels or 12.0% polyacrylamide nondenatured gels. Agarose gels were stained with ethidium bromide (EtBr), and polyacrylamide gels with Vistra Green (Amersham Biosciences, Wisconsin, USA).
Identification of polymorphic SSR markers
In order to construct a linkage map, we detected polymorphic simple sequence repeat (SSR) markers between parental lines. We screened a total of 1780 SSR markers. Most of the SSR markers were selected from those reported by McCouch et al. (2002) . Five markers were developed in our laboratory (Table 1) .
Linkage and QTL analysis
Linkage analysis was performed with MAPMAKER/ EXP 3.0 (Lander et al. 1987) . The frequency of recombination between two markers was converted to genetic distance, using Kosambi's map function (Kosambi 1944) .
Simple interval mapping and composite interval mapping were performed using Windows QTL Cartographer 2.0 (Basten et al. 1998 ) with forward and backward regression. The experiment-wise LOD threshold significance level was determined by computing 1000 permutations (Churchill and Doerge 1994) , as implemented by the QTL Cartographer.
The threshold values for P < 0.05 ranged from 2.93 to 3.31. The regions significant at least in one year were evaluated as QTLs in this experiment.
Results
In 2002, the temperature was high with little rain and much sunshine in the growing season, while in 2003 the temperature was high with much rain and less sunshine in the growing season. The heading date and the maturing date of the materials in 2003 were delayed by 7 to 10 days compared with those in 2002. However, these weather conditions were not extreme, compared with the usual year. 
DNA polymorphisms and map construction
We screened 1,780 SSR markers and detected 130 polymorphic markers between Moritawase and Koshihikari by means of agarose gel and polyacrylamide gel electorophoresis. The rate of polymorphism was 7.3%. We constructed a linkage map with 119 polymorphic markers (Fig. 2) . Thirteen linkage groups were assigned to twelve rice chromosomes. In the 92 RI lines, the number of heterozygote plants varied from 0 to 12 among the provided SSR markers. The total map length was 1,060 cM, which corresponded to nearly 80% of rice SSR map constructed by McCouch et al. (2002) . The average marker distance of the map was 8.8 cM. In chromosome 5, 6 and 8, we used originally designed SSR markers to cover the gap of each chromosome (Table 1) .
QTL analysis
We performed simple interval mapping and composite interval mapping using a QTL Cartographer to identify QTLs associated with heading date, amylose content, protein content and textural characteristics. A total of ten QTLs for the four traits were identified (Fig. 2 and Table 4 ).
Heading date
The significant threshold LOD value (P < 0.05) of heading date was 3.35 in 2002 and 3.05 in 2003. Two QTLs for heading date were identified. qHD2, which was located on chromosome 2, explained 15.3% of the total phenotypic variation in 2003. qHD6, which was located on chromosome 6, explained 13.9-23.7% of the total phenotypic variation. This QTL was significant in 2002 and 2003, which suggests this QTL was most stable and most effective QTL. Koshihikari allele delayed the heading date at both QTLs.
Protein content
Significant threshold LOD value (P < 0.05) of protein content was 2.97 in 2002 and 3.07 in 2003. Three QTLs for protein content were identified. qPC2, which was located on chromosome 2, explained 18.4% of the total phenotypic variation in 2002. qPC6, which was located on chromosome 6, explained about 16.3-19.2% of the total phenotypic variation in 2003. The LOD score of qPC6 in 2002 was under 1.0. At qPC2 and qPC6, the Koshihikari allele decreased protein content. However, qPC9, which was mapped on chromosome 9, explained 11.4% of the total phenotypic variation, and Koshihikari allele increased protein content at qPC9. qPC2 and qPC6 were mapped at the same region as qHD2 and qHD6, respectively. In order to analyze the relationship among those QTLs, we selected 60 lines, which showed similar heading date, among all the RI lines, and performed QTL analysis for protein content. We identified only one QTL on chromosome 9, which might have been qPC9. There were no QTLs on chromosome 2 and 6.
Amylose content
The significant threshold LOD value (P < 0.05) of amylose content was 2.93 in 2002 and 3.04 in 2003. Four QTLs for amylose content were identified. qAC3 and qAC7, which were located on chromosome 3 and 7, respectively, explained 14.0% and 15.1-16.5% of total phenotypic variation in 2002. The LOD scores of both QTLs in 2003 were under 1.0. At qAC3 Koshihikari allele decreased amylose content, whereas Koshihikari allele increased amylose content at qAC7. qAC9, which was located on chromosome 9, explained 11.6-24.5% of total phenotypic variation. Koshihikari allele of qAC9 decreased amylose content. qAC12, which was located on chromosome 12, explained 17.4-27.4% of 
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the total phenotypic variation in 2003. Koshihikari allele of qAC12 increased amylose content.
Textural characteristics
We could not detect any QTLs for H/−HL and −H in 2002 or 2003. There was only one QTL for H (hardness of cooked rice) among the textural characteristics. The significant threshold LOD value (P < 0.05) of H was 2.93 in 2002. Only one QTL for textural characteristics was detected. qH3, which was a QTL for H and located on chromosome 3, explained 25.5-27.4% of total phenotypic variation in 2002. Koshihikari allele of qH3 decreased the phenotypic values.
Discussion
Good eating quality is one of the major objectives of rice breeding in Japan. Methods using several physicochemical properties related with eating quality, such as amylose content and protein content, have been used to breed new cultivars with good eating quality.
Protein content is one of the main components related with rice eating quality. Ogata et al. (1996) showed 2 QTLs located on chromosomes 2 and 5. Tanaka et al. (1998) revealed 2 QTLs located on chromosomes 3 and 6. In this study we detected 3 QTLs on chromosomes 2, 6 and 9. We also detected two QTLs, qHD2 and qHD6 for heading date.
The Koshihikari alleles at both QTLs delayed heading date. The late heading lines tend to show lower protein content under natural field conditions in Japan (Higashi and Kushibuchi 1976) . Therefore the lateness alleles of Koshihikari at qHD2 and qHD6 may have contributed to the low protein content detected as qPC2 and qPC6. qPC2 and qPC6 were not detected by QTL analysis using 60 lines, which showed similar heading date. Therefore both QTLs, qPC2 and qPC6, may have been detected as a result of the difference of heading date. Compared with those QTLs, qPC9 was detected by QTL analysis using the 60 lines. This is the first report of a QTL for protein content on chromosome 9. Moritawase allele decreased protein content at qPC9. This suggested the presence of genetic sources in cultivars other than Koshihikari in order to decrease the protein content. Thus we conclude that qPC9 was a novel QTL for protein content.
Amylose content is also one of the main components related with rice eating quality. Li et al. (2003) revealed 4 QTLs on chromosomes 3, 4, 5 and 6 using the BIL derived from a cross of Nipponbare/Kasalath//Nipponbare. Out of 4 QTLs, one QTL on chromosome 6 covered the wx gene region and mainly contributed to the variance of amylose content between japonica and indica varieties. Other QTLs were probably minor factors controlling amylose content. Tanaka et al. (1998) revealed 4 QTLs on chromosome 2, 3, 5 and 6 using DH lines derived from a cross between Akihikari and Koshihikari, both of which are japonica. Because both cultivars probably possess Wxb allele on the waxy gene (Sano 1984) , these QTLs are promising factors controlling the variance of amylose content in the japonica cultivars. In this study we mapped 4 QTLs on chromosome 3, 7, 9 and 12. qAC9 on chromosome 9 was a locus that was detected in both years. These 4 QTLs were different from the QTLs reported by Tanaka et al. This suggested that there are many minor factors regulating amylose content in japonica cultivars. Since amylose content of rice is correlated with the temperature during the maturing period (Asaoka et al. 1985) , amylose content changes with the heading date. In this study, however, the correlation between amylose content and heading date was significant in one year but not in another year. Furthermore, the detected QTLs were not identical to the QTLs for heading dates in our study. Thus these QTLs may help develop rice cultivars without considering the influence of heading date. Endo et al. (1980) reported that H/−H in textural characteristics is closely related with eating quality score of cooked rice, but no research has been performed to reveal QTLs for textural characteristics. In this study QTL analysis for textural characteristics revealed one QTL on chromosome 3 only in one year. This QTL was not identical to the QTLs for eating quality, which were revealed by Tanaka et al. (1998) and Ogata et al. (1996) . In 2003, there were no QTLs for textural characteristics detected. There might be some differences in several trait values among plants in each RI line. We will measure the textural characteristics of each RI line in a later generation (F 7 , F 8 ) using bulk harvest to verify the QTLs.
In this study we performed QTL analysis to identify several QTLs for amylose content, protein content and textural characteristics of rice. Some of them, which were detected significantly in both years, are stable QTLs, because the two years were characterized differently from the point of view of weather conditions. In order to characterize the QTLs functions comprehensively, we are developing near isogenic lines by backcross breeding using molecular markers. In addition, the sensory testing is underway to reveal the contribution of the physicochemical properties to the eating quality score.
In Japan, Koshihikari is a leading rice cultivar in spite of its inferior agronomic traits, such as high culm length, shortage of lodging resistance and susceptibility to blast disease, because it has good eating quality. Therefore, rice breeders have been trying to develop new cultivars that possess better agronomic traits with good eating quality. In these cases, Koshihikari is often used as a genetic source for good eating quality. However, it is difficult to develop cultivars with eating quality superior to Koshihikari, mainly because it is hard to integrate all of the genes, which control the eating quality of Koshihikari into the new cultivars. MAS system is an effective tool for rice breeding. The QTL information obtained in the present study is useful to facilitate the development of new cultivars.
